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Long-distance entanglement distribution is a vital capability for quantum technologies. An out-
standing practical milestone towards this aim is the identification of a suitable matter-photon inter-
face which possesses, simultaneously, long coherence lifetimes and efficient telecommunications-band
optical access. In this work, alongside its sister publication [1], we report upon the T center, a silicon
defect with spin-selective optical transitions at 1326 nm in the telecommunications O-band. Here
we show that the T center in 28Si offers electron and nuclear spin lifetimes beyond a millisecond and
second respectively, as well as optical lifetimes of 0.94(1) µs and a Debye-Waller factor of 0.23(1).
This work represents a significant step towards coherent photonic interconnects between long-lived
silicon spins, spin-entangled telecom single-photon emitters, and spin-dependent silicon-integrated
photonic nonlinearities for future global quantum technologies.
The global search for a high-performance quantum in-
terface between telecom photons and long-lived matter
qubits is ongoing [2]. The predominant photon-spin can-
didates presently under study either do not operate at
telecom wavelengths or are not hosted within silicon.
Technologies such as frequency conversion [3] or evanes-
cent integration with silicon photonics [4, 5] are being
developed to address the individual shortcomings of such
interfaces.
Silicon is a convenient and attractive host for a photon-
spin interface as it underpins both the most estab-
lished integrated electronics and integrated photonics
platforms. Silicon, and in particular isotopically purified
28Si, is a host to many atomically reproducible defects
with exceptional spin and/or optical properties. Phos-
phorus donors possess ultra-long spin lifetimes of up to
3 hours [6] but do not interact strongly with light. Singly-
ionized chalcogen donors, such as 77Se+, offer both long-
lived spins and relatively strong interactions with light
[7, 8], however the wavelengths involved are in the techni-
cally challenging mid-infrared. Erbium defects in silicon
[9, 10] offer weak dipole-forbidden telecom optical tran-
sitions and potentially long-lived spins [11], yet complex
readily with other silicon defects into a wide selection of
symmetry sites and complexes, only a small fraction of
which are optically active [12]. The family of silicon de-
fects known as radiation damage centers, including the
well-studied G, C, and W centers [13–17], emit photons in
or near the telecommunications bands, but do not possess
an unpaired electron spin in their optical ground states
[13].
A few less well-studied radiation damage centers, in
particular the T [18–31], I [24–27], and M [27–31] cen-
ters, were previously reported to have emission in the
telecommunications bands which split under a magnetic
field, and their ground states were believed to possibly
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have an unpaired electron spin. However, the most im-
portant photon-spin interface properties of these centers
were unknown. For example, conflicting models of the
T center, the most studied of the three, identified the
ground state as either paramagnetic [20] or diamagnetic
[19].
Some properties of the T center are available in the
literature. Through isotope shift studies, T centers are
known to be made of at least one hydrogen atom and
two bonded carbon atoms [20, 21]. The optically excited
state, the ground state of a bound exciton (BE), is known
to be a doublet split by about 1.8 meV [19, 20], and is
known to thermally disassociate around 40 K [19] corre-
sponding to a binding energy of around 30–35 meV [27].
Various components of the photoluminescence (PL) spec-
trum, including the two zero phonon line (ZPL) transi-
tions and their local vibrational mode replicas, have been
given labels as shown in Fig. 1(a). Detailed modelling
of the atomic structure, the results of which are shown
schematically in Fig. 1(c), and some speculation as to for-
mation mechanisms of the T center were undertaken in
Refs. [20–22]. A first look at ZPL shifts and temperature
shifts of radiation damage centers in isotopically purified
30Si was undertaken in Ref. [23]. The ZPL is known to
split under the application of a magnetic field, reveal-
ing anisotropic g-values for the hole spin and isotropic
g-values for the electron spin. Beyond these aforemen-
tioned results, relatively little was known about the T
center prior to this work. In the model of Ref. [19],
both the hole spin and uncoupled electron spin are in
the BE state. In the model of Ref. [20] the uncoupled
electron spin is a property of the ground state of the cen-
ter, while the hole spin is a property of the BE state.
Here, and in Ref. [1], we resolve this ambiguity in favor
of Ref. [20] and conclude that the ground state consists
of an unpaired electron spin and the BE state consists of
an electron singlet pair and an anisotropic hole spin.
Isotopically purified silicon improves upon the proper-
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2ties of photon-spin interfaces in multiple ways. For one,
the coherence lifetimes of the spins are increased by re-
moving the 29Si nuclear spins as a source of dynamic
magnetic noise [6]. Secondly, the inhomogeneous line
broadening of optical transitions is reduced by remov-
ing static local bandgap and binding energy variations
which arise from the silicon isotope mass mixture inher-
ent in natural silicon [32]. Accordingly, to obtain the
results in this work, the sample under investigation is a
piece of isotopically purified 28Si crystal obtained from
the Avogadro project [33] which is enriched to 99.995%
28Si, with < 1014 O/cm3 and < 5 × 1014 C/cm3. An en-
semble of T centers was fabricated within this sample
by 10 MeV electron irradiation followed by an annealing
recipe in stages up to 450 ◦C as described in Ref. [1].
This work demonstrates the T center’s competitive op-
tical properties: a Debye-Waller factor of 0.23(1) and
a 0.94(1) µs emitter lifetime in the telecommunications
O–band near 1326 nm, very close to the zero disper-
sion wavelength of standard silica single-mode fibers.
This work also demonstrates the T center’s competitive
spin properties, including Hahn-echo T2 lifetimes beyond
1 second.
Detailed supporting results in Ref. [1] include: the
isotope and temperature effects on ZPL linewidth and
position; the BE’s acceptor-like excited states; magneto-
PL studies; continuous-wave optically detected magnetic
resonance; as well as electron and nuclear spin initializa-
tion, readout, and Rabi oscillations.
Section A: Optical Properties.—Photoluminescence
(PL) from T centers can be observed at cryogenic tem-
peratures using either nonresonant above-bandgap exci-
tation, or resonant below-bandgap excitation. The appli-
cation of above-bandgap light (in this instance 1047 nm)
generates free carriers and free excitons (electron-hole
pairs) which localize onto defects, including T cen-
ters, forming BEs which can recombine radiatively. In
Fig. 1(a) the resulting emitted light is characterized us-
ing a Bruker IFS 125 HR spectrometer, a CaF2 beam-
splitter, and a germanium diode detector (see [1]). This
spectrum agrees with previous T center PL spectra in the
literature [19]. Here we label a few features of interest in-
cluding the ZPL doublet (The BE ‘TX’ level is split into
TX0 and TX1) and local vibrational mode (LVM) repli-
cas (Li, after Ref. [20]). The substantially narrower zero
phonon optical lines available using a 28Si sample yield
an estimate of the TX level splitting of 1.76(1) meV at
4.2 K.
A proportion of the light emitted by T centers is emit-
ted in the ZPL, and the rest is produced in the phonon
sideband: the ZPL proportion is given by the Debye-
Waller factor [34]. Other luminescent defects in the sam-
ple may also contribute to the observed PL signal, as
can clearly be seen from the broad PL at energies both
higher and lower than the TX0 ZPL. In order to measure
the Debye-Waller factor accurately, we suppress this non
T-related PL by employing resonant PL spectroscopy. A
Toptica DL100 laser drives the TX0 ZPL resonantly. The
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FIG. 1. Optical and luminescence properties of the T cen-
ter photon-spin interface. (a) The photoluminescence (PL)
spectrum with above-bandgap excitation (1047 nm, top trace)
normalized to a T line (TX0) intensity of unity, and a PL spec-
trum resonantly excited by pumping TX0 (bottom trace), nor-
malized to equal L2 local vibrational mode intensity in both
spectra. Together this data is used to extract a Debye-Waller
factor of 0.23(1). (b) Lifetime measurements of the TX0 BE.
(c) Atomic structure of the T center as proposed by Ref. [20].
resulting emitted light passes through appropriate long-
pass filters (1330 nm) to block the laser wavelength and
is then routed to the Fourier transform infrared (FTIR)
spectrometer for characterization. The resulting reso-
nant PL phonon sideband spectra, taken with the same
resolution as the matching above-bandgap PL data, and
with the silicon laser Raman line subtracted, is shown in
Fig. 1(a). The sharp LVM feature L2 was used to normal-
ize the two PL traces so that an accurate Debye-Waller
factor of 0.23(1) could be determined.
The lifetime of the TX level can be measured by apply-
ing pulsed above-bandgap excitation and measuring the
luminescence decay of light emitted into the ZPL line. In
this instance, 965 nm light pulses, at a repetition rate of
125 kHz and with sub-ns duration, were generated by a
Picoquant PLD 800-D and directed to the sample held
at a temperature of either 1.4 K or 4.2 K. The T ZPL
emission was filtered through a double spectrometer and
routed into an ID230 single-photon detector whose out-
put was directed to a multi-channel scaler with 40 ns time
resolution. This data is shown in Fig. 1(b) and reveals
a TX0 BE lifetime of 0.94(1)µs. Repeating these life-
time measurements using a range of silicon samples with
different defect concentrations at either 1.4 K or 4.2 K re-
veals the same lifetime values within the margin of error.
3This increases our confidence that this reported lifetime
is inherent to the T center and is not due to, for example,
the free-exciton decay time. These excited state lifetimes
are sufficiently long to consider the excitonic degree of
freedom as an additional local quantum resource.
The radiative quantum efficiency of this optical tran-
sition is presently unknown. Silicon’s maximum phonon
energy of ∼ 65 meV implies that pure non-radiative de-
cay would require the simultaneous emission of at least 15
phonons. We were unable to observe any sample conduc-
tivity changes due to non-radiative Auger recombination
processes, which is a highly successful method for mea-
suring the nonradiative BE decay of low-concentration
phosphorus donors in silicon [6]. Working under the as-
sumption that the recombination lifetime is entirely from
radiative processes, this BE lifetime corresponds to a to-
tal transition dipole moment of 1.52(1) Debye and a ZPL
transition dipole moment of 0.73(2) Debye. From single-
center linewidth upper bounds of 33(2) MHz as presented
in [1], the above ZPL transition dipole moment would
give a single-defect cooperativity of 1 in a photonic cav-
ity with a Q-factor of 1×104 with a realistic mode volume
of (λ/n)3.
Section B: Spin Properties.—Next we turn to the T
center spin degrees of freedom. We first report methods
for optically addressing an orientation-specific subset of
T centers, then follow with the process for spin initializa-
tion and measurement of that subset, and conclude with
the measurement of spin T1 lifetimes and Hahn-echo T2
times for both the hydrogen nuclear spin and unpaired
electron spin.
The energy level diagram of the T center photon-spin
interface is shown in Fig. 2(a–c). The ground T level con-
sists of a single unpaired electron, as well as up to three
hyperfine-coupled nuclear spins. The TX levels consist
of an additional exciton: the two electrons form a singlet
and the remaining unpaired spin-3/2 hole determines the
magnetic properties of the TX states, which are split into
TX0 and TX1 due to the symmetry-lowering strain field
of the defect. For a given T center in a magnetic field
this produces a quartet of spin-selective optical transi-
tions between the T state’s isotropic electron spin levels
and the TX0 state’s anisotropic hole spin levels (Fig. 2b).
In this work, the hyperfine substructure is not optically
resolvable. An applied magnetic field was known to split
the ensemble TX0 ZPL transition into at least six distinct
quartets of optical transitions corresponding to at least
six orientations of the T center relative to the direction
of the applied magnetic field [19]. The reduction of inho-
mogeneous broadening in the 28Si samples studied here
allows for the observation of even more optical structure:
11 orientational subsets are optically resolved in [1], as
indicated in Fig 2(a). From the proposed atomic struc-
ture of the center shown in Fig. 1(c) we would expect
to see up to 12 distinct orientational subsets under an
applied magnetic field [35].
The ground state T level spin Hamiltonian HT with
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FIG. 2. (a) Level structure and magnetic field dependence
of the ground and lowest energy BE state of the T center.
The anisotropic unpaired hole spin in TX0 reveals 11 distinct
orientational subsets. (b) The optical transitions A1, B1, C1,
D1 correspond to those available to a single orientational sub-
set, here subset 1. (c) Schematic of the spin levels and tran-
sitions of subset 1 under our experimental conditions. The
nuclear spin states are not optically resolvable. (d) PLE of
the observed TX0 ZPL transitions in the presence of a static
magnetic field. Top (green): PLE spectrum using the depo-
larizing scheme for subset 1 as discussed in the text. Bottom
(black): PLE spectrum without the application of any depo-
larizing magnetic resonance. The black brackets joining A1
with B1, and C1 with D1, show the gE = 2.005 isotropic elec-
tron Zeeman splitting.
one 1H and two 12C constituents is given by
HT = µBB0gES+ µNgNB0I+ hSAI (1)
where µB is the Bohr magneton, B0 is the magnetic field
vector, gE is the electron spin g factor tensor which is
approximately isotropic with gE = 2.005(8), S is the elec-
tron spin vector, µN is the nuclear spin magneton, gN is
the hydrogen nuclear spin g factor, I is the hydrogen nu-
clear spin vector, h is the Planck constant, and A is the
hyperfine tensor. For the purposes of this work we only
consider the Zeeman term µBB0gHH of the hole spin
Hamiltonian for the TX0 level, where gH is the hole spin
g factor tensor and H is the TX0 hole spin vector.
In agreement with Ref. [27] we find gE to be almost
entirely isotropic. The highly anisotropic g factor of the
TX0 BE hole spin, gH, thus allows for the optical selec-
tion of an individual orientational subset of T centers in
a relatively small magnetic field. The quartet of transi-
tions labelled A1, B1, C1, D1 in Fig. 2(b) corresponds to a
particular orientational subset that is spectrally distinct
4from the others, which we will hereafter refer to as subset
1. These transitions can be driven resonantly by sweep-
ing the frequency of a tunable single-frequency laser, and
the resulting emitted light can be filtered and detected
in a photoluminescence excitation (PLE) measurement
scheme as described in [1]. The ground state spin level
diagram for orientational subset 1 in a magnetic field of
80 mT applied parallel to [110] is shown in Fig. 2(c). The
electron and nuclear spin transitions can also be driven
resonantly using magnetic resonance as described in [1].
The microwave (MW) and radio-frequency (RF) transi-
tions we used in this work are shown in Fig. 2(c).
In the absence of any applied magnetic resonance sig-
nals, in a magnetic field strength |B0| ∼ 80 mT applied
roughly parallel to [110], the PLE spectrum generated by
sweeping the laser energy near the ZPL energy consists
of a single peak as shown in the bottom (black) trace of
Fig. 2(d). This central peak is substantially weaker than
the same experiment performed with no applied mag-
netic field. It is the signal generated by the orientational
subset(s) where the Bi and Ci optical transitions remain
nearly degenerate because the effective hole g factor is
close to that of the ground state electron for the cho-
sen direction of B0. All other orientational subsets have
their electron spin efficiently hyperpolarized [36] over the
course of the laser energy sweep and do not generate
enough photons during this process to be detected in
PLE.
In PL up to 11 orientational subsets of T centers are
optically resolvable [1]. To directly observe more of the
orientational subsets using PLE in an applied magnetic
field some degree of electron spin depolarization is re-
quired. When two MW frequencies centered about the
isotropic g = 2.005 electron spin resonance frequency are
applied, here differing in value by−2.9 MHz matching the
effective hydrogen hyperfine value of orientational subset
1 in the chosen magnetic field, the electron spin is opti-
mally depolarized. This results in a recovered PLE sig-
nal from subset 1, as well as some PLE signal from other
subsets, as seen in the top (green) trace of Fig. 2(d). In
Ref. [1] we explain how this negative hyperfine value was
obtained. For the remainder of the work described in this
text the laser energy is set to the optical transition B1
as shown in Fig. 2(d), for the purposes of initializing and
measuring the spins associated with orientational subset
1.
As depicted in Fig. 2(b, c), the chosen laser energy
excites both nuclear spin configurations associated with
the electron |↓E〉 state. Because of the long spin relax-
ation times in the ground T level, in the absence of any
externally-driven spin mixing or depolarizing processes
the spins efficiently hyperpolarize into the electron spin
|↑E〉 state. To initialize a specific electron-nuclear spin
eigenstate, we apply a laser resonant with the B1 transi-
tion as well as an electron spin mixing scheme with a sin-
gle MW frequency conditional upon the nuclear spin |⇓N〉
state, as shown by the MW⇓ transition in Fig. 2(c). Af-
ter a time the spins hyperpolarize into the state |↑E⇑N〉.
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FIG. 3. (a) and (b) Pulse sequences used to measure the
electron-spin (a) and nuclear-spin (b) T1 and T2 times. The
pulse colors match the spin transition frequencies in Fig. 2(c).
The initialization and measurement POL protocols are com-
mon to all four sequences. (c) and (d) Normalized T1 and
Hahn-echo T2 decay curves for the electron (c) and hydrogen
nuclear spin (d) for one orientational subset of T centers. The
electron spin Hahn-echo T av2E time is limited by phase noise be-
yond 2 ms. The hydrogen nuclear spin Hahn-echo T av2N time is
limited by phase noise beyond 280 ms, which can be partially
circumvented by using maximum magnitude techniques (see
text), revealing Tmm2N > 1 second.
This is the procedure referred to as ‘POL’ in Fig. 3.
The spin measurement procedure uses a similar tech-
nique. The electron spin optical hyperpolarization pro-
cess in the absence of spin mixing is too efficient to gener-
ate a large number of photons for detection, however the
nuclear spin hyperpolarization process using conditional
MW mixing is sufficiently slow to detect a luminescence
transient, as shown in Ref. [1]. By integrating the lumi-
nescence transient while applying the POL procedure we
can measure the nuclear spin IZ observable. In between
initialization/measurement POL sequences the laser was
blocked with a mechanical shutter.
Resonant MW and RF pulses are used to extract the
T1 and Hahn-echo T2 times of both the electron spin and
hydrogen nuclear spin, as shown in Fig. 3(a) and 3(b).
In the case of the electron spin T1 and T2 data, the elec-
tron spin SZ observable is mapped to the nuclear spin
IZ observable for readout using a leading conditional pi
pulse (a CNOT gate). The signal to noise ratio on a
single shot was just above 1 in the case of the nuclear
spin observable, and below 1 for the electron spin, due to
imperfect pulses generated by our home-built magnetic
resonance assembly. As such, averaging was required to
extract accurate lifetimes and coherence times.
The resulting normalized T1 lifetimes and T2 Hahn-
echo coherence times of the electron spin and nuclear
spin are shown in Fig. 3(c) and 3(d), respectively. The T1
times for both the electron spin (T1E) and nuclear spin
(T1N) are far beyond their measured Hahn-echo times;
5we observed no signal decay out to 16 seconds for both
the electron spin and nuclear spin. Averaged Hahn-echo
times, extracted by fitting the averaged data to stretched
exponentials, are 2.1(1) ms (stretch factor 4.1(7)) and
0.28(1) s (stretch factor 2.9(4)) for the electron spin (T av2E)
and nuclear spin (T av2N) respectively. These high stretch
factors are consistent with instrumental phase noise as
has been observed in similar spin measurements [6]. In
the case of the nuclear spin there was a sufficient sig-
nal to noise ratio to use maximum-magnitude techniques
[6] to partially mitigate this instrumental limitation. The
top 10% highest measurement values per time point were
averaged to establish a tighter lower bound on the true
Hahn-echo T2, and this resulted in an exponential decay
of Tmm2N = 1.1(2) s (stretch factor 1). Moving forward,
dynamical decoupling [6] or clock transition [37] tech-
niques could be employed to extract even longer coher-
ence times.
As described above, this study demonstrated the suit-
ability of the T center as an integrated silicon telecom
photon-spin interface. We reported sub-µs optical life-
times at telecom wavelengths, with no observable Auger
nonradiative recombination, and a Debye-Waller factor of
0.23(1). Furthermore, we performed optically detected
magnetic resonance upon the electron and hyperfine-
coupled hydrogen nuclear spin, and extracted competi-
tive Hahn-echo T2 spin lifetimes for each. Future studies
incorporating 13C nuclei will allow for the investigation
of T centers with four spins, which may prove useful for
modular quantum information processing, error detec-
tion, and quantum state purification objectives. These
results pave the way for the construction of new hybrid
photon-spin all-silicon quantum integrated devices suit-
able for distributed quantum computing and global quan-
tum networking.
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